The occurrence of antibiotic-resistant bacterial pathogens is on the rise because antibiotics exert selection pressure that kills only the antibiotic-sensitive pathogens. Sanitation and cleansing of hospital surfaces and the skin of medical personnel do not counteract this selective pressure, but rather indiscriminately reduce total pathogens on treated surfaces. Here, we discuss two recently introduced genetic strategies, based on temperate bacteriophages as DNA-delivery vehicles, that aim to sensitize bacteria to antibiotics and selectively kill the antibiotic-resistant ones. Outlooks for rendering one such approach more efficient and applicable are proposed. We believe that using an end product designed according to the provided principles on hospital surfaces and in handsanitizers will facilitate substitution of antibiotic-resistant pathogens with sensitive ones.
Bacterial pathogen resistance to antibiotics is a major health threat worldwide. Infection rates by antibioticresistant pathogens continue to rise, and some pathogens are resistant to virtually all firstand second-line antibiotics. 1 Although this puts the entire population at risk, particularly susceptible are the hospitalized immunocompromised patients who are undergoing chemotherapy, dialysis or surgery (especially organ transplants), and are thus more prone to secondary infections. 1 Eliminating resistant pathogens residing on hospital surfaces, devices, and hands of medical personnel should therefore significantly improve the prospects of these patients to survive.
Bacterial pathogens evolve to overcome the therapeutic effect of antibiotics simply because antibiotics kill bacteria that are not resistant to them. This selective pressure, which kills sensitive bacteria but not resistant ones, is applied with each use of antibiotics. Various approaches to reducing the rapid emergence of antibiotic-resistant pathogens have been proposed. Refraining from use of a specific antibiotic has been shown to increase the ratio of bacteria that are sensitive to that antibiotic, but this effect disappears rapidly upon its reuse. 2 Antibiotics are misused by unnecessary prescriptions issued by physicians and by patients who take them at incorrect doses or duration, as well as by prophylactic or overuse, mostly in animal husbandry and food production. 1 Prudent use of antibiotics is advised to reduce the rate of resistance formation. 3 However, such use merely delays the evolution of antibiotic resistance without actively reducing it. Disinfection protocols for hospital surfaces as well as frequent hand disinfection by medical personnel indiscriminately eradicate both antibiotic-sensitive and antibiotic-resistant pathogens, without counteracting the selection pressure for resistant bacteria. On the contrary, disinfection agents applied to hospital surfaces and used for hand sanitization exert selection pressure for pathogens to become resistant to these agents. Lytic bacteriophages (phages) are also used as disinfection agents on consumed food. For example, a cocktail of six naturally occurring lytic phages targeting Listeria was approved by the United States Food and Drug Administration (US FDA) for specific decontamination of Listeria present on food. 4, 5 While this product demonstrates that phages are both safe and effective at targeting environmental pathogens, the product does not aim to specifically target antibiotic-resistant pathogens. None of the above approaches exerts selection pressure that counteracts that created by antibiotics, i.e., a selection pressure that changes the ratio in favor of antibiotic-sensitive pathogens over antibiotic-resistant ones. Applying such a selection pressure might actively reverse the ratio of antibiotic-sensitive bacteria, thereby treating the core problem rather than its symptoms.
We previously reported a proof-of-principle system that sensitizes resistant bacteria and applies selective pressure against the remaining resistant bacteria 6 (see comments in refs. [7] [8] [9] ). This system uses temperate phages to transfer sensitizing genes into bacteria. The sensitizing genes are then integrated into the bacterial genome by lysogenization of the temperate phage. The integrated DNA, encoding the dominant sensitive genes rpsL and gyrA, dominantly conferred sensitivity to two antibiotics, streptomycin and nalidixic acid. These sensitizing genes were linked to a gene conferring resistance to the toxic compound tellurite. This allowed using tellurite to target the remaining antibiotic-resistant bacteria that were sensitive to this compound, without killing the sensitive bacteria. The approach thus selected for antibiotic-sensitive bacteria by conferring a selective advantage through resistance to a toxic compound, while simultaneously sensitizing the bacteria to antibiotics (Fig. 1A) .
The above approach had several major shortcomings: (i) it reversed resistance to only two antibiotics, streptomycin and nalidixic acid; (ii) it did not prevent the spread of horizontally transferred resistance genes; (iii) it relied on prior sensitivity of the bacteria to tellurite, which could vanish upon extended usage; (iv) the host range of the temperate phages was narrow and therefore some resistant bacteria could escape treatment.
In a recently published study, 10 we made significant improvements that overcame the first three of these shortcomings. We used temperate phages that are capable of transferring DNA as a tool to deliver a CRISPR-Cas system into bacteria. The delivered CRISPR-Cas system was programmed to cleave antibiotic-resistant plasmids. In addition, the system, which originally evolved as a defense mechanism against phages, [11] [12] [13] was programmed to protect against specific lytic phages. This allowed us to genetically link phage protection to antibiotic sensitization. By using temperate phages to transfer the above CRISPR-Cas system and adding lethal phages (against which the sensitized bacteria were now protected), we changed the selective pressure in the treated samples such that sensitive bacteria were favored over resistant ones (bacteria that do not encode a protective CRISPR-Cas system) ( Fig. 1B) .
Two recent studies also used phage delivery of CRISPR-Cas into bacteria to eliminate antibioticresistance genes or to specifically target a subpopulation of bacteria. 14, 15 In contrast to those studies, our study showed, for the first time, the combination of selective lytic phages in the treatment to facilitate selection of treated bacteria that were sensitized to antibiotics. As opposed to studies that use the CRISPR-Cas system, lytic properties of phages, or other disinfection strategies, our aim was not to kill bacteria but rather to sensitize them. In counteracting the antibiotic's selective pressure, our strategy was expected to shift the ratio of pathogens toward antibiotic sensitivity.
The improved approach allows targeting various antibiotic-resistance plasmids, as the CRISPR-Cas can be programmed to cleave any DNA sequence. 16 In addition, the CRISPR-Cas system can be programmed to recognize many such determinants by extending the CRISPR array with appropriate sequences. Moreover, protection against lytic phages can be designed against multiple phages, thus allowing the use of phage cocktails to reduce the probability of resistance to all of them simultaneously. In addition to these improvements, the CRISPR-Cas system also prevents horizontal transfer of the targeted resistance genes. Finally, the lytic phages were engineered to have short DNA sequences that are identical to those targeted in the DNA conferring antibiotic resistance. Thus, phage protection is linked to antibiotic sensitization, as loss of the sensitizing CRISPR segment will result in loss of protection from the phage as well.
While the above improvements constitute a significant step toward applying the strategy to hospital surfaces and hand cleaners, some obstacles still need to be overcome. First, thus far we have only carried out proof-of-principle studies on laboratory strains of Escherichia coli, and not on pathogenic bacteria. To make the strategy operational, it must be tested on pathogenic bacteria. To this end, appropriate temperate and lytic phages should be collected for each targeted species. Fortunately, the lion's share of infections that are evolving antibiotic resistance at a dangerous rate are limited to six main pathogenic species, collectively termed the ESKAPE pathogens: Enterococcus faecium, Staphylococcus aureus, e1096996-2 I. YOSEF ET AL.
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. 1 This means that finding cocktails of phages that are specific to one or more of these species will significantly reduce the occurrence of antibiotic-resistant infections. However, we foresee some technical problems in choosing suitable combinations of temperate phages that will deliver the DNA into these pathogens, and suitable combinations of lytic phages that will select for the sensitized pathogens. Therefore, a more general solution would be a universal platform for efficient DNA delivery to all pathogens.
As an end-product, we envision a spray or liquid composed of a cocktail of lytic phages and of a universal DNA-delivery vehicle. This product would be added to hand cleansers, washing detergents, and even as a stand-alone spray for surfaces. The fact that naturally occurring phages for human consumption have been approved by the US FDA 4 suggests that genetically modified phages could also be approved for Figure 1 . Different schemes for sensitizing bacteria to antibiotics. (A) A dominant sensitive gene, conferring sensitivity to antibiotics despite the presence of a resistance allele in the bacterium, is cloned with a tellurite resistance gene, conferring resistance to tellurite. This cassette is delivered by a lysogen into resistant bacteria, rendering them antibiotic sensitive, as well as tellurite-resistant. Addition of tellurite results in selection of antibiotic sensitive bacteria. 6 (B) A CRISPR-Cas cassette targets resistance genes and protects against lytic phages. The cassette is delivered by a lysogen into resistant bacteria, rendering them antibiotic sensitive, as well as phage-resistant. Lytic phages select antibiotic sensitive bacteria. 10 similar uses, as it is hard to imagine the harmful consequences of these controlled genetic modifications. On the contrary, the modifications of the lytic phages to be targeted by the engineered CRISPR-Cas system result in their targeting with no effect on the susceptibility of the pathogen to naturally occurring phages. We believe that the end product applied to pathogens on hospital surfaces or the hands of medical personnel could favorably change the ratio of treatable bacterial infections. In fact, as opposed to antibiotics, the more these products are used, the more sensitized the bacterial populations will become.
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